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Abstract
We performed photoluminescence (PL) measurements of the two-dimensional electron sys-
tem (2DES) in an undoped GaAs quantum well (QW) while controlling the electron density and
electric ﬁeld independently. We compared the PL spectrum at the same electron density but at
diﬀerent electric ﬁelds. The PL linewidth changes with electric ﬁeld at low electron density be-
low 4×1010 cm−2 , but does not change with electric ﬁeld at higher electron density. The sample
we used is composed of a metallic mesh front gate with a 500-nm pitch. The phenomena we
report here mainly originate from the longitudinal electric ﬁeld bias and are commonly observed
in a diﬀerent-mesh-size sample.
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1. Introduction
Semiconductor quantum wells (QWs) provide an ideal stage for studying the optical proper-
ties of the two-dimensional electron system (2DES). For an understanding of the PL properties,
it is important to take into account the interaction not only between the electrons but also that
between electrons and valence-band hole. The perpendicular electric ﬁelds largely change the
interaction between the electrons and hole because they attract them to diﬀerent hetero-interfaces
of the QW. On the other hand, the electric ﬁelds applied to the QW enhance the scattering from
the random potential, such as that due to the boundary roughness, whereas screening by accu-
mulated electrons reduces the random potential[1]. Therefore, independent control of electron
density and electric ﬁeld is very advantageous for studying the 2DES formed in QWs. This can
be achieved by using a double-gate, i. e., front and back gate, modulation-doped QW [2] or
a double-gate undoped one [3]. In addition, lateral potential modulation by applying gate bias
opens up the wide possibility of controlling the electron-electron and electron-hole interactions.
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However, achieving a signiﬁcant potential modulation with a gate structure over a short distance,
such as on the order of the eﬀective Bohr radius, is diﬃcult because of the unavoidable random-
ness existing in real samples. Among several QW structures, a back-gate undoped GaAs QW is
advantageous for inducing a high-quality 2DES at low electron density [4] and shows very good
controllability of the electron density from nominally zero to 2×1011 cm−2.
2. Experiments
We performed low-temperature PL measurements at 100 mK on a 20-nm wide
GaAs/Al0.2Ga0.8As QW, which is located 250-nm below the surface. A Au/Ti semi-transparent
gate metal (0.5-mm square in size) was deposited on the surface. The QW is separated from the
back gate of a heavily Si doped substrate by a barrier consisting of (in the order of growth) a
600-nm of AlAs/GaAs superlattice and 20-nm of Al0.2Ga0.8As. The metallic front gate forms
a square mesh structure having a 500-nm period with 100-nm metal width. The mesh-type
front gate produces not only a longitudinal electric ﬁeld but also a lateral modulation in the QW
(though we do not discuss the contribution of the lateral potential in this paper). We controlled
the electron density and electric ﬁeld by adjusting the front-gate bias Vf and back-gate bias Vb.
In the measurements, the sample was entirely irradiated with a laser beam with 785-nm
wavelength, which selectively excites the GaAs layers. The power density was 0.5 mW·cm−2.
In this case, the density of the photoexcited electron-hole pair was estimated to be on the order
of 104 cm−2, assuming an exciton lifetime of 100 ps. This is much smaller than the density
of the gate-induced electrons >1×109 cm−2. The PL was detected by a monochromator with a
nitrogen-cooled charge-coupled-device camera. The electron denisty was obtained by measuring
the anomalous PL shift at the Landau ﬁlling factor ν=1 in several magnetic ﬁelds B[5]. We also
measured the capacitance between the QW and the back gate with 120-Hz and 30-mV AC to
conﬁrm the electron accumulation.
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Figure 1: (a) Electron densities obtained from the ν=1 PL anomaly for V f=0.4 V and 0 V. (b) Vb dependence of the
capacitance between the quantum well and back gate for several Vf values.
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Figure 2: PL spectra at ns=1×1011 cm−2 for several front gate biases Vf . Hatched area shows PL from the bulk GaAs
buﬀer layer.
3. Results and Discussion
To determine the electron density, we measured PL in the perpendicular magnetic ﬁelds from
1 to 4 T. The PL spectrum shows an energy jump or intensity dip at ν=1 [6] due to the electron-
electron/hole interaction (spectra not shown)[5]. Figure 1 shows the back-gate bias dependence
of the electron density obtained from the ν=1 anomaly for Vf=0.4 and 0 V. The electron densi-
ties discussed hereafter are those determined from the PL measurement by assuming the linear
dependence on Vb and Vf as ns = 0.99 × 1011
(
Vb −
(
1.89 − 2.65Vf
))
cm−2.
We also measured the capacitance between the QW and the back gates for several front gate
biases [Fig. 1(b)]. This clearly shows the onset of the electron accumulation as a sudden increase
of the capacitance, which is in good agreement with the PL data.
Typical PL spectra at 1×1011 cm−2 are shown in Fig. 2. The PL from the QW were observed
on top of the broad PL of the n-doped bulk GaAs buﬀer layer. Since the PL from the buﬀer
layer does not depend on the gate bias, the bulk PL lineshape was subtracted from the raw PL
spectrum. Typical PL spectra at B=0 after subtracting the bulk PL at 1×1011 and 2×1010 cm−2
for several front gate biases are shown in Fig. 3, where the intensities of the PL from the QW
are normalized by its bulk PL intensities in order to eliminate the intensity ﬂuctuation due to
the excitation power ﬂuctuation. For both electron densities, the photon energy of 2DES-hole
recombination is shifted with the perpendicular electric ﬁeld by the quantum conﬁned Stark
eﬀect[7], and the PL intensity decreases with electric ﬁeld due to the change in the oscillator
strength. For reference, we estimated the eﬀective electric ﬁeld from the peak energy shift by
comparing the shift with the energy shift of the charged exciton peak in electric ﬁelds [8]. The
corresponding eﬀective electric ﬁelds for each spectrum are shown in Figs. 3(a) and (b). In this
approximation, we neglect the band bending due to the electron accumulation and the band-gap
renormalization due to the electron-electron(-hole) interaction because we are concerned with
the relatively low electron density regime of ns ≤ 1 × 1011 cm−2.
To compare the spectrum lineshapes at diﬀerent electric ﬁelds, we plot two spectrum at
Vf=0.4 and -0.2 V in the same panel by shifting the photon energy horizontally and scaling
by their peak intensities in Figs. 3(c) and (d). For 1×1011 cm−2, the lineshapes are almost iden-
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Figure 3: PL spectra at ns= (a) 1×1011 cm−2 and (b) 2×1010 cm−2 for several front gate biases Vf . The bulk PL are
subtracted and the baselines are shifted for each spectrum. Spectrum lineshapes of Vf=0.4 V (ﬁlled circles) and -0.2 V
(open circles) for ns= (c) 1 ×1011 cm−2 and (d) 2 ×10 10 cm−2 are compared by shifting the photon energy horizontally
and scaling by their peak intensities.
tical for diﬀerent electric ﬁelds except for small peaks at both feet of Vf=-0.2 V. On the other
hand, for 2×1010 cm−2, the two peaks show diﬀerent lineshapes: the linewidth at Vf=-0.2 V is
larger than that at Vf=0.4 V.
The lineshapes of 2DES-hole emission can be expressed by the lineshape function∫
ρ j () f e () f h () δγ ( − ÿω) d [9], where ρ j is the 2D joint density of states, f e and f h are
distribution functions for electrons and holes, and δγ (x) = γ/π
(
x2 + γ2
)
is a broadening func-
tion. Within the limitation of the discussion with the lineshape function, the inhomogeneous
broadening can be taken as the broadening function δγ. For 1×1011 cm−2, the energy diﬀerence
between the Fermi energy (EF) and conduction band edge (Ec) is 3.5 meV. The narrower spec-
trum linewidth [10] mainly arises from the thermal distribution of holes. On the other hand, for
2×1010 cm−2, the linewidth is larger than the energy diﬀerence of EF-Ec=0.7 meV, which is due
to the inhomogeneous broadening.
The electron density dependence of the linewidth for diﬀerent Vf is shown in Fig. 4. Be-
low ns=4×1010 cm−2, the linewidth increases with increasing electron density along with the
increase in EF . In this regime, the linewidth is diﬀerent for diﬀerent electric ﬁelds. Since the
envelop functions of the electron and hole are shifted toward each hetero-interface of the QW by
the perpendicular electric ﬁeld, the linewidth is largely aﬀected by the ﬂuctuation at the hetero-
interfaces in larger electric ﬁelds. The electric ﬁeld dependence is signiﬁcant at low electron
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Figure 4: Electron density dependence of the full linewidh of the 2DES-hole PL peak for several front gate biases. The
solid line indicates the electron Fermi enegy measured from the conduction band edge. The dashed line is a guide for the
eye.
density. It decreases with increasing electron density and disappears above ns=4×1010 cm−2.
Since the eﬀect of the perpendicular electric ﬁeld is essentially unchanged, the electric-ﬁeld-
dependent broadening should remain above ns=4×1010 cm−2 if the roughness is unchanged with
the electron density. The disapearance of the linewidth diﬀerence indicates that the ﬂuctuation
decreases with the electron density. The non-linear to linear screening [11] by the accumulated
electrons accounts for this change [1]. The regime below ns=4×1010 cm−2 corresponds to the
non-linear screening regime, where the electrons partially ﬁlled the a 2D plane and the poten-
tial randomness is not yet screened eﬀectively by the accumulated electrons. The regime above
4×1010 cm−2 corresponds to the linear-screening regime, where the random potential is eﬀec-
tively screened by the electrons ﬁlling the entire 2D plane. The disappearance of the electric
ﬁeld dependence of the linewidth above 4×1010 cm−2 indicates that the decrease of the random
potential is due to the linear screening.
As mentioned above, the dominant linewidth factor changes from EF-Ec to the thermal dis-
tribution of the holes. This change corresponds to the change in the slope of the linewidth curve
in Fig. 4 at ns = 4×1010 cm−2. Note, that the increase of the linewidth with electron density in
ns > 4×1010 cm−2 is a consequence of the decrease in the PL peak intensity as EF increases.
In the above discussion, the coincidence that the change of the linewidth slope against the
electron density and the non-linear to linear screening transition occurred at the same density
is accidental. However, this coincidence may suggest that the energy distribution of the holes,
which is represented by the eﬀective hole temperature in the lineshape function, is related to the
roughness of the QW remaining in the linear screening regime.
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We prepared a sample with diﬀerent mesh size of 400-nm square and obtained similar results.
Therefore, we believe these properties can be mainly attributed to the longitudinal electric bias.
4. Summary
In summary, we independently controlled the electron density and electric ﬁeld by using a
double-gate undoped GaAs QW. We showed PL spectra of 2DES-hole recombination in several
electric ﬁelds at a common electron density. Below ns=4×1010 cm−2, the linewidth increases
with increasing electric ﬁelds because the linewidth is largely aﬀected by the ﬂuctuation at the
hetero-interfaces in larger electric ﬁelds. On the other hand, the electric-ﬁeld dependence of the
linewidth is reduced with increasing electron density and dissapears above 4×1010 cm−2. This
diﬀerence would be due to the change of the potential-ﬂuctuation screening, from the non-linear
screening to the linear screening, with the electron accumulation.
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